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Abstract
Spermatogenesis in Drosophila is maintained by germ-line stem cells. These cells undergo self-renewing divisions and also generate
daughter gonial cells, whose function is to amplify the germ cell pool. Gonial cells subsequently differentiate into spermatocytes that
undergo meiosis and generate haploid gametes. To elucidate the circuitry that controls progression through spermatogenic stem cell lineages,
we are identifying mutations that lead to either excess germ cells or germ cell loss. From a collection of male sterile mutants, we identified
P-element-induced hypomorphic alleles of nop60B, a gene encoding a pseudouridine synthase. Although null mutations are lethal, our P
element-induced alleles generate viable, but sterile flies, exhibiting severe testicular atrophy. Sterility is reversed by P-element excision, and
the atrophy is rescued by a Nop60B transgene, confirming identity of the gene. Using cell-type-specific markers, we find that testicular
atrophy is due to severe loss of germ cells, including stem cells, but much milder effects on the somatic cells, which are themselves
maintained by a stem cell lineage. We show that Nop60B activity is required intrinsically for the maintenance of germ-line stem cells. The
relationship of these phenotypes to the human syndrome Dyskeratosis congenita, caused by mutations in a Nop60B homolog, is discussed.
© 2003 Elsevier Science (USA). All rights reserved.
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Introduction
Cells within certain lineages are continually replenished
throughout a human lifetime. This is accomplished by the
activity of stem cells. When such cells divide, some daugh-
ter cells retain self-renewing stem cell capacity, while other
daughter cells proliferate and differentiate into the special-
ized cell type(s) necessary for the particular tissue or or-
gan’s function. Interestingly, these daughter cells do not
differentiate immediately, but rather, first execute a limited
number of mitoses to amplify the differentiating cell pool.
In principle, the decision to maintain stem cell fate or
undergo transient amplification and differentiation may be
made intrinsically or extrinsically, being fundamentally af-
fected by the environment in which each daughter cell finds
itself. In either case, the underlying mechanisms are impor-
tant because the correct balance between self-renewal and
transient amplification and differentiation is crucial for the
maintenance and function of tissues, such as blood, skin,
brain, intestine, and germ line (in males). Of similar impor-
tance, the regulation of the transient amplifying cells assures
proper expansion of the pool of cells that eventually gen-
erate the differentiated cell types of each tissue. While the
mechanisms governing each of these behaviors are poorly
understood, their elucidation is an essential step in efforts to
better understand the derangements of stem cell regulation
that contribute to human diseases and to develop therapeutic
manipulations of tissues or organ systems that rely on stem
cells (reviewed in Lovell-Badge, 2001).
To begin to identify some of these mechanisms, we are
studying spermatogenesis, a developmental process that is
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maintained by a set of germ-line stem cells (reviewed in
Lindsley and Tokuyasu, 1980). As such, these cells undergo
self-renewing divisions and also generate daughter gonial
cells, whose function is to amplify the pool of germ cells.
Subsequently, the gonial cells differentiate into spermato-
cytes that will undergo meiosis to generate haploid gametes.
Our long-term goals are to identify the regulatory circuits
that control the establishment, maintenance, and behavior of
stem cells, as well as those that specify gonial fate, govern
transient amplification, and coordinate the decision to exit
the mitotic cycle and enter the meiotic phase of their devel-
opment as spermatocytes.
To approach these issues, we study spermatogenesis in
the model organism Drosophila, which allows us to capi-
talize on both genetic as well as molecular approaches. The
stem cells that sustain spermatogenesis are located at the
apical tip of the testis in the germinal proliferation center,
where spermatogenesis begins (Fig. 1; reviewed in Fuller,
1993). This center contains 5–9 germ-line stem cells (only
one is shown for clarity), in close association with approx-
imately twice as many somatic stem cells, known as cyst
progenitor cells. Both stem cell populations are anchored
around a hub of nondividing somatic cells. The stem cell
populations divide asymmetrically to renew their respective
populations and yield a gonialblast surrounded by 2 cyst
cells, forming a functional spermatogenic cyst. While the
cyst cells no longer divide, the gonialblast undergoes four
mitotic divisions within the confines of the cyst to yield a
cyst of 16 spermatogonia. Since cytokinesis is incomplete
during mitotic amplification, spermatogonia within a cyst
remain interconnected by cytoplasmic bridges (Fig. 1, white
bars) through which extends the fusome, a germ-line-spe-
cific organelle composed of membrane and cytoskeletal
components. These spermatogonia will then enter meiosis
as spermatocytes and eventually differentiate into mature,
motile sperm. The 2 cyst cells surrounding the dividing
spermatogonia and developing spermatocytes remodel their
cytoplasm to accomodate the growing cyst.
We have been isolating mutants that affect early events
in this stem cell system, and our initial advances have come
by focusing on mutations that lead to an excess of early
stage germ cells—so-called “tumorous” mutants. Such a
mutant phenotype might arise if too many self-renewing
divisions take place, or if gonial cells undergo unregulated
amplification, rather than progressing normally into differ-
entiation. This work has led us and others to identify both
intrinsic and extrinsic pathways that regulate gonial cell
behavior, and most recently, to establish that extrinsic sig-
nal(s) normally restrict germ-line stem cell potential and
maintenance (Go¨nczy et al., 1997; Kiger et al., 2000; Ma-
tunis et al., 1997; Tran et al., 2000).
In principle, however, interesting mutants might also fall
Fig. 1. The germinal proliferation center of the Drosophila testis. At the testis tip, there are 5–9 large germ-line stem cells (only 1 is shown in diagram for
clarity), anchored around a “hub” of 12 nondividing somatic cells. Two elongated somatic cells are nestled around each germ line stem cell, while also
contacting the hub. These cyst progenitor cells act as stem cells for the somatic cyst lineage. Spermatogenesis begins as a germ-line stem cell divides
asymmetrically, generating 1 daughter that retains stem cell fate (and remains adjacent to the hub), and a second daughter cell that adopts gonialblast fate.
It is thought that the germ-line stem cell and its flanking cyst progenitor cells divide in concert. The daughter cells remaining in contact with hub retain stem
cell fate, while the other daughters associate into a cyst, with the 2 daughter cyst cells surrounding the single gonialblast cell. The gonialblast cell does not
differentiate immediately, but rather undergoes a controlled period of amplification, clonally expanding the population of now secondary spermatogonia. The
mitoses occur with incomplete cytokinesis, such that all germ cell daughters are interconnected by persistent cytoplasmic bridges. Snaking through each
interconnected cell is a germ-line-specific cytoskeletal and membranous structure knows as a fusome (white bars). The resulting clone of 16 germ cells exit
the mitotic cycle and enter the meiotic phase of growth, and are now called spermatocytes.
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into the “germ cell loss” phenotypic class. For instance,
mutants that adversely affect the decision to retain self-
renewing capacity would fall into this class due to the
eventual loss of the germ-line stem cells. Such mutants
have recently led to the identification of an important
signal from hub cells that serves to maintain the germ line
stem cells and possibly the somatic stem cells (Kiger et
al., 2001; Tulina and Matunis, 2001; see also Wasserman
and DiNardo, 2001). However, mutations that generally
affect cell viability or cell metabolism may also fall into
this class. Although such mutants might seem at first
glance less interesting, it should be noted that several
have resulted in the identification of important genes
involved in fundamental cell biological processes, such
as cytokinesis, actin polymerization, and membrane traf-
ficking (Afshar et al., 2000, 2001; Castrillon and Was-
serman, 1994; Go¨nczy and DiNardo, 1996).
Here, we describe a novel germ cell loss mutant, nop60B.
Previous work established that this gene encodes a nucleolar
protein with a putative pseudouridine synthase activity, and
flies bearing nop60B mutations exhibit defects in ribosomal
RNA metabolism (Giordano et al., 1999; Phillips et al.,
1998). Although null mutations are lethal, we identified
hypomorphic mutations in nop60 and show here that these
mutants are viable and lead to male sterility, testicular
atrophy, and germ cell loss. Curiously, the human homolog
of nop60B is a gene responsible for Dyskeratosis congenita
(DKC), a syndrome characterized by defects in tissues
maintained by stem cell populations (reviewed in Dokal,
1996; Heiss et al., 1998; Knight et al., 1999). Interestingly,
some DKC patients show sterility due to testicular atrophy
(Dokal, 1996). Thus, the elucidation of spermatogenesis
defects in Drosophila nop60B mutants could lead to an
understanding of the etiology of the testicular atrophy and
sterility observed in some DKC patients.
Materials and methods
Fly stocks
Various deficiency-bearing stocks were obtained from
the Bloomington Stock Center: Df(2R)Px4, Dp(2L) Px4,
In(2LR)Px4 dp b/CyO. Nop60B2/CyO was obtained from
Steve Poole (Phillips et al., 1998); the M5-4 and S2-11
enhancer traps were described by our lab (Go¨nczy et al.,
1992; Go¨nczy, 1995); mfl 05/CyO and P{w; HS-Mfl};
mfl 05/CyO were from the Furia lab (Giordano et al., 1999).
Clones were induced by two 1-h heat shocks at 38°C, in
males of the genotype: yw P{ry; HS-Flp}; P{ry; HS-neo;
FRT 43D} nop60BDL6 or nop60BDL10/P{ry; HS-neo; FRT
43D} P{w; Arm-LacZ}. Control clones substituted a
P{ry; HS-neo; FRT 43D} P{w; HS-Pi-Myc} chromo-
some for the nop60B mutant.
Fig. 2. Atrophic testes are rescued by Nop60B expression. (A) nop60B
exon/intron organization (Giordano et al., 1999) is illustrated below the
solid line, which represents genomic DNA. The open triangle represents
the P-element insert we identified in the 5 UTR. The event generating
nop60BDL4 excised all but approximately 3.5 kb from the 3 end of
PLacW without disturbing the flanking genomic sequence. The parental
PLacZ element was inserted into the same site, as judged by Southern
blot analysis using flanking genomic DNA from a rescue plasmid as
probe (Materials and methods). (B) WT, DIC light micrograph. Only
the first third or so of the testis is visible in this panel, with the apical
tip (arrowhead) at the left. The remainder of the testis coils off the
panel. (C) nop60BDL4 mutant testis, DIC light micrograph. Note the
profound size reduction, as the testis extends only from arrowhead at
apical tip to arrow at basal end of testis, where the testis duct joins with
the seminal vesicle. (D–I) Confocal micrographs of triply labeled testes:
Somatic hub cells are visualized with mAb-7G10 (to the Fasciclin III
protein) in green, arrowhead; the germ cell complement is revealed by
mAb-1B1 (to an Adducin-like protein) in yellow, which labels the
fusome, which is spherical in germ-line stem cells (adjacent to hub) and
appears progressively more branched in germ cell cysts located farther
from the hub. Nuclei are stained with the DNA dye, Hoechst (blue). (D,
G) Apical portion of wild type testis shows branched fusomes (mAb-
1B1, yellow). Note that most of the testis extends out of the panel. The
hub (green; FascIII) is also visible at testis tip, as are germ-line stem
cells (arrow in G). (E, H) nop60BDL4 mutant testis exhibits a profound
size reduction, as testis extends only from arrowhead at apical tip to
arrow at basal end, where the duct joins with the seminal vessicle. Note
also the complete lack of fusomes, branched or spherical, signifying the
almost complete lack of a germ line. Although hub cells are present (see
Fig. 5), the loss of the germ line leads to a loss in Fasc III signal in hub
cells (Go¨nczy and DiNardo, 1996). (F, I) HS-Nop60B; nop60BDL4
rescued testis has nearly wild-type length and morphology, with
branched fusomes (yellow) evident, signifying a robust germ cell com-
plement. Note the restoration of germ line stem cells (arrow in I). Scale
bar, 70 m in B and C; 100 m in D–F; 40 m in G–I.
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P element lines and isolation of male steriles
A number of single P element-induced mutant lines were
obtained from the laboratories of Dan Lindsley and Marizio
Gatti. The mutagenzing P element used in these two
labs was P{lacW} (http://flybase.bio.indiana.edu/.bin/fbidq.
html?FBtp0000204). Fertility tests were conducted on
males homozygous for the insert-bearing chromosome as
previously outlined (Castrillon et al., 1993). Testes from
two lines, called DL2011 and mM176 (Lindsley and Gatti
isolation numbers) were selected because they were very
small and appeared agametic upon initial inspection in the
stereo microscope and after fixation and DNA stain (Go¨n-
czy and DiNardo, 1996). These two lines failed to comple-
ment for their sterility phenotype. We carried out in situ
hybridization using a digoxygenin-labeled lacZ probe to
larval polytene salivary gland squashes. Signals were local-
ized to the 60B/C interval on the polytene map for both
DL2011 and mM176. This localization was confirmed by
deficiency mapping: the sterile mutants complement Df(2R)
Px2, which deletes from approximately 60C5,6-60D9,10,
but failed to complement In(2LR) Px4, a chromosome that
carries a deletion from approximately 60B-60D1.
To determine whether the P-element was responsible for
the sterility, the P element was remobilized by using stan-
dard “delta 2-3” crossing schemes (Castrillon et al., 1993).
Of 22 w excisants, 13 reverted to fertility, confirming that
the P was responsible for the sterile phenotype. Five other
w excisants were lethal, or semilethal over both the orig-
inal insertion-bearing chromosome, as well as In(2LR) Px4,
and 4 others were viable, yet remained sterile. Three of
these latter had lost lacZ expression, and were thus useful in
experiments where (lacZ) enhancer trap lines were crossed
in to mark various cell types and stages during spermato-
genesis. Two of these independently derived, lacZ ex-
cisant lines were used routinely in initial characterization
studies with similar results, nop60BDL3 and nop60BDL4.
Most of the panels shown here are using line nop60BDL4. In
addition, in mosaic analysis, we used 2 of our lethal, lacZ
lines, nop60BDL6 and nop60BDL10.
To identify the gene affected by the P element insert,
genomic DNA was prepared from both DL2011 and
mM176 flies, cut with either EcoRI or SacII, and after gel
electrophoresis, was Southern blotted. Hybridization using a
probe containing pUC Amp and Ori sequences revealed an
identical 9.4-kb RI band and 4.4-kb SacII band in DNA
from both DL2011 and mM176, suggesting that these two
hits were either not independently isolated, or more likely,
were events at the same hot spot. The RI or SacII genomic
DNA was religated under dilute conditions, and plasmid
was recovered after electroporation into E. coli. Sequence
of the flanking genomic DNA was obtained by using the
3 LTR primer (http://www.fruitfly.org/about/methods/
inverse.pcr.html). Blast searches identified complete homol-
ogy with the nop60B gene. Thus, we have named the alleles
we use in the present study, tentatively, nop60BDL3 and
nop60BDL4. This locus was also identified by Giordano et
al. (1999) and called minifly. Our original viable, but sterile
P insert fly lines, DL2011 and mM176, were subsequently
lost from our lab stocks.
To characterize the molecular limits of the line repre-
senting the excision event used in this paper, nop60BDL4,
the region was amplified by XL PCR (Perkin-Elmer) using
genomic primers flanking the insert site (forward primer F4:
ATCGTGGGCGAAGTAGAACTCG; reverse primer B5:
GGAGGAGGGCTTGATTTGGAAG). This resulted in an
approximately 4-kb band, which was sequenced by using
primers mapping internal to the amplifying primer set (for-
ward primer F5: TTGGAGGCGTTCTGCTTGATGC; re-
verse primer B4: GCATAGTCCGTTTATTTGGGCAC), as
well as primers internal to P{lacW}. The nucleotide se-
quenced indicated that 7195 bases were deleted from the 5
end of the PlacW.
Antibodies and immunohistochemistry
Testes were dissected into Drosophila Ringers’ buffer,
and fixed in de Cuevas’ Buffer B (de Cuevas and Spradling,
1998) for 15 min, using 4% formaldehyde, freshly diluted
from a 16% (Ted Pella) stock kept at 80°C. Routinely,
testes were blocked overnight in 2% normal serum, 1
PBS, 0.1% Triton X-100, 0.01% sodium azide, and then
treated with various antibodies as usual: Anti-Fasciclin III
(mAb7G10, DSHB) at 1:40; Anti-Adducin-reated (mAb-
1B1, DSHB) at 1:25; Anti-Eyes absent (mAb 10H6, DSHB)
at 1:1000; Anti-LacZ (Cappel) at 1:2000-1:4000; rabbit
Anti-Vasa at 1:1000; Hoechst #33285 (Sigma) at 1:1000
from 1 mg/ml stock dissolved in ETOH. Stained testes were
mounted in 80% glycerol, and scans were made by using a
Zeiss Axioplan equipped for confocal microscopy using
LSM 510 software. Images were processed in Adobe Pho-
toshop.
Rescue using HS-Mfl
Three to five vials were seeded with adults; serial trans-
fers were made into fresh vials every few days. Vials con-
taining eggs and larvae were heat-shocked in a 38°C water
bath for 45 min to 1 h daily, until eclosion. Adults were
removed from a vial (Day 0), and the HS regimen was
continued until all adults eclosed from the vial. Flies were
aged in food vials, with or without continued HS, as indi-
cated. To heat-shock adult flies, the cotton stopper was
pushed down close to the food surface to restrict the volume
accessible to the flies, and the vials were submerged in a
38°C water bath for 45 min to 1 h daily. After the HS
regimen, the vial was laid on its side on a bench top, and the
cotton stopper was pulled up to the vial top, as the flies
recovered. Vials were then returned to a 25°C incubator.
Some experiments were conducted on a y w P{w; HS-
Mfl}; nop60BDL4/CyO stock, where both nop60BDL4 ho-
mozygotes and balanced sibs contained the rescuing trans-
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gene. However, other crosses were conducted so that some
nop60BDL4 homozygous males contained the rescuing
P{w; HS-Mfl} transgene, while control siblings did not;
enabling us to definitively establish that rescue was depen-
dent on the HS-Mfl transgene. We note in passing that the
y w P{w; HS-Mfl} stock obtained from the Furia lab
appears to have two P-element trangenes on the X chromo-
some. The experiments reported here were conducted on
flies that had both elements.
Results
Viable nop60B mutations cause male sterility due to
testicular atrophy
Mutations impeding spermatognesis often lead to re-
duced testis size in addition to male sterility (Castrillon et
al., 1993). In general, defects that occur earlier in spermat-
ogenesis cause a more severe size reduction. This appears to
be because continued maintenance and division of germ-
line stem cells is necessary to fill the testis with successive
families of developing germ cells. We have been screening
fly lines containing single P-element inserts for male steril-
ity and reduced testis size. The work reported here focuses
on sterile males with the profound testicular atrophy con-
sistent with a defect in the maintenance of the stem cells.
Two P{LacW} insertions, DL2011 and mM176, yielded
such a phenotype (data not shown) and failed to comple-
ment each other. Precise excision of the P-element restored
a wild type phenotype, demonstrating that the P insertion
was responsible for the sterile phenotype (see Materials and
methods). Flanking DNA was cloned and the insertion site
was found to be in the 5 UTR of the nop60B gene (Fig.
2A). Nop60B has been shown by sequence similarity to be
a member of the TruB family of proteins, all of which show
homology to Escherichia coli TruB, a tRNA pseudouridine
synthase (Phillips et al., 1998). We also analyzed several
“imprecise” excisions, which yielded lethal and semiviable
alleles, as well as several viable but sterile alleles, such as
nop60BDL4, which showed atrophic testes similar to
DL2011 (see Materials and methods).
Testes from nop60BDL4 mutants were severely reduced
in size compared with a wild-type testis (Fig. 2B and C),
suggesting a significant reduction in the number of germ-
line cells. This was verified by immunostaining with mAB-
1B1, which marks the fusome, a germ-line-specific cy-
toskeletal organelle. In a wild type testis, germ-line stem
cells adjacent to the hub exhibit dot fusomes, while later
stage germ cells at a distance from the hub show progres-
sively more branched fusomes, reflecting mitotic amplifica-
tion of the gonial cells (Fig. 2D and G; Matunis et al., 1997;
Kiger et al., 2000; Tran et al., 2000). Testes from
nop60BDL4 mutants exhibited a near absence of fusome
signal (Fig. 2E and H).
To verify that the testis phenotype was due to the inser-
tion of the P element into the nop60B gene, we attempted
rescue experiments using a HS-Nop60B transgenic line
(Giordano et al., 1999). Daily heat shocks began 0-1 day
after egg laying (AEL) and continued until adult flies
eclosed. Testes were then dissected, fixed, and immuno-
stained with mAB-1B1, nop60BDL4 homozygotes carrying
the rescue construct showed dramatic heat shock-dependent
rescue of testicular atrophy, as shown by the reappearance
of fusomes. Ninety-one percent (91%) of testes from young
males heat shocked until the day of dissection showed more
than 10 branched fusomes per testis (Fig. 2F and I; see Fig.
5, “Young mut., HS Rescue” bar). Importantly, germ-line
stem cells were also rescued, as judged by the presence of
germ cells with dot fusomes adjacent to the hub (Fig. 2I,
arrow). In contrast, only 17% of testes from age-matched
nop60BDL4 flies raised without heat shock showed any ev-
idence of germ cells, while 75% showed none (Fig. 2E and
H; see Fig. 5, “Young mut., No HS” bar). The rescue
confirms that the testicular atrophy phenotype is due to a
defect in the nop60B gene. Thus, nop60B is required in
some manner for the maintenance of the germ line during
spermatogenesis.
To investigate the molecular nature of the excision even
that generated the nop60BDL4 mutation, we PCR-amplified
the genomic DNA flanking the insert and sequenced the
amplicon. A comparison of the resulting sequence with that
of the pLacW vector and the Drosophila genomic sequence
revealed that this allele retained approximately 3.5 kb of the
3 end of PLacW and all genomic sequence flanking the
original DL2011 insert site (Fig. 2A).
Sterility of nop60B mutants is due to germ line stem cell
loss
We used a panel of molecular markers to address the
nature of the nop60BDL4 phenotype at the cellular level and
ascertain the effect of this mutation on the various cell
populations in the testis. Using such markers, we found that
nop60BDL4 testes showed a dramatic reduction in the num-
ber of germ cells relative to wild type, without exhibiting a
similar loss of somatic cells.
The fusome stain first suggested a strong germ cell phe-
notype (Fig. 2E and H). We verified this by testing for
expression of the germ-line-specific protein Vasa (Fig. 3A,
red). No germ cells are apparent in the mutant testis, as
judged by the lack of signal (Fig. 3B). The lack of germ
cells included an apparent lack of germ-line stem cells. This
was confirmed by taking advantage of previously identified
lacZ enhancer traps that mark specific cell types and stages
during spermatogenesis (Go¨nczy et al., 1992; Go¨nczy and
DiNardo, 1996). Of particular use in this analysis was the
recovery of nop60B alleles, such as nop60BDL4, which lost
the ability to express lacZ, allowing us to analyze the ex-
pression of our lacZ markers that we introduced into
nop60BDL4 flies. In wild-type testes, enhancer trap line
M5-4 marks the hub (Fig. 3C, arrowhead), germ-line stem
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cells (Fig. 3C, larger arrow), and their immediate daughters,
the gonialblast cells (Fig. 3C, smaller arrow pointing to
second tier germ cells). In mutant testes, hub cells were
present, as judged by the presence of groups of M5-4-
expressing cells (Fig. 3D, arrowhead), although we noted
that these cells had an elongate appearance, which is similar
to the disorganization in hub cells observed in agametic
testes (Go¨nczy and DiNardo, 1996). Another similarity be-
tween agametic and nop60BDL4 mutant testes is that hub
cells accumulate Fasciclin III protein to levels lower than
that observed in wild type (data not shown). Although hub
cells were observed, we usually found no evidence for
germ-line stem cells or their gonialblast progeny (Fig. 3D).
Occasionally, a few lacZ-expressing germ cells were ob-
served, but these were some distance from the hub (data not
shown). It was not clear whether these cells were wandering
gonialblasts or germ-line stem cells. There are currently no
markers with expression restricted solely to germ-line stem
cells. We conclude from these analyses that testes are atro-
phic due to severe loss of germ-line cells, including the
germ-line stem cells.
Despite the loss of the germ cell population, the cyst
cells, which derive from somatic stem cells, were observed
in mutant testes, as judged by both an enhancer trap marker
and the expression of Eyes Absent (Eya). In wild type,
enhancer trap S2-11, which marks hub and early-stage cyst
cells, shows an organized hub and an appropriately robust
early-stage cyst cell population (Fig. 3E). In mutant testes,
hub cells are apparent (Fig. 3F, arrowhead), and exhibit a
similar loss of organization as that observed with enhancer
trap M5-4 and in agametic testes (Go¨nczy and DiNardo,
1996). However, unlike the germ cell population, which is
quite depleted, significant numbers of cyst cells were ob-
Fig. 4. nop60B function is necessary for the maintenance of germ-line stem
cells. All panels are stained for mAb-1B1 (yellow), mAb Fasc III (green),
and DNA (blue). (A) HS-Nop60B; nop60BDL4 mutant testis from a young
male (1–3 day), no heat shock (“no HS”). Atrophic testis, with no germ
cells apparent. Hub area (arrowhead) and seminal vesicle–testis duct (ar-
row) are indicated. (B) HS-Nop60B; nop60BDL4 rescued testis from a 1- to
3-day-old male. Significant presence of germ cells is indicated by robust
and extensive fusome stain (arrows), both adjacent to and distant from hub
(arrowhead). Restoration of germ-line stem cells is shown in Fig. 2I. (C)
Sibling cohort of HS-Nop60B; nop60BDL4 rescued flies, aged 11-12 days
without heat shocks now show a much-reduced germ cell complement, as
a single branched fusome is present near the hub (below arrowhead), as
well as one branched fusome farther away (arrow). This indicates that the
nop60B gene product is necessary for the maintenance of the germ cell
lineage. Many testes from these aged flies remain thick, with an extensive
lumen, consistent with the probability that, before aging, these testes had a
functional germ-line stem cell population that was now lost. (D) WT
(nop60BDL4/CyO), control testes from an aged male (10–14 days) show a
robust population of branched fusomes, even at advanced ages. Scale bar,
100 m.
Fig. 3. The nop60BDL4 mutation has a strong effect on germ-line stem cells,
but less so on the somatic cells. (A) WT, Anti-Vasa (red), Anti-Eya (green)
double labeling reveals the large population of germ cells interspersed with
a smaller number of somatic cyst cells. (B) nop60BDL4 mutant testis has no
Vasa-positive cells, but contains a population of Eya-positive cells, sug-
gesting that these cells are somatic cyst cells. (C) WT, enhancer trap line
M5-4. Anti-LacZ immunocytochemistry reveals an organized hub (arrow-
head) near the apical tip, surrounded by germ line stem cells (arrow points
to these first tier germ cells) and gonialblasts (smaller arrow points to these
second tier germ cells). (D) nop60BDL4, enhancer trap line M5-4. Note the
absence of germline stem cells and gonialblasts, but the presence of hub
cells (arrowhead). (E) WT, enhancer trap line S2-11, which stains hub cells
(arrowhead) and early-stage cyst cells (arrows). This marker is not ex-
pressed in cyst progenitor cells (not shown). (F) two adjacent nop60BDL4
mutant testes, enhancer trap line S2-11. Note the compact area of likely
hub cells (arrowhead) in each testis. Note that a significant number of cyst
cells is also observed (arrows). Scale bar, 20 m in (A–D); 60 m in (E
and F).
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served (Fig. 3F, arrows). We confirmed that there was little
effect on the cyst cell population by examining the expres-
sion of a cyst cell-specific marker, Eya. Eya expression is
first induced in cyst cells associated with midamplification
stage gonia, approximately at the four- to eight-cell stage (J.
Fabrizio, M. Boyle, and S.D., unpublished observations;
Fig. 3A, arrowheads). Thus, Eya expression is not only
specific to the cyst cell lineage, but its expression can be
taken as a measure that the cyst cells have progressed to a
certain point in their developmental program. Indeed, in
mutant testes, large numbers of Eya-positive cyst cells ac-
cumulate (Fig. 3B, arrowheads). This confirms that there is
not as large an effect on the somatic cells, as compared with
the germ line. We could not assay directly for cyst progen-
itor cells (the somatic stem cells), as the only marker for
these cells is a P enhancer trap that resides on the CyO
balancer chromosome, which cannot be used in nop60BDL4
homozygotes. Nevertheless, it is clear from these data that,
in nop60BDL4 mutant testes, the behavior of the somatic
stem cell lineage is not affected to the same degree as is the
germ-line stem cell population and its descendants. We
previously reported that specific deletion of germ cells,
achieved in agametic testes, leads to a loss of hub organi-
zation, expansion in the number of hub cells, and continued
cyst cell proliferation (Go¨nczy and DiNardo, 1996). Thus, it
appears that, in nop60BDL4 testes, the primary defect may
be loss of the germ-line cells, leading to associated changes
in somatic cell behavior.
Nop60B function is necessary for the maintenance of
germ-line stem cells
We next addressed whether the nop60B gene product is
required for the maintenance of the germ-line stem cell
Fig. 5. Analysis of germ-line rescue by Nop60B. HS-Nop60B; nop60BDL4/CyO flies were treated as indicated in Materials and methods. Testes were
dissected, fixed, and stained by using mAb 1B1, and then analyzed for the number of germ cell cysts containing branched fusomes as 1 measure of the extent
of germ cell content. The percent of testes falling into the indicated groupings are plotted along the y-axis; genotype and treatment applied, along the x-axis.
For instance, testes from heterozygous siblings [“Control (Heterozygote)”] all contained greater than 20 branched fusomes per testis (dark blue). All
genotypes labeled “mut.” are nop60BDL4 homozygotes; the number of testes scored is indicated in parentheses. The extent of rescue by the HS-Nop60B
construct can be found by comparing young adult males (aged 1–3 days) raised with or without a daily HS regimen. When such rescued males are then aged
10–14 days without further HS, there is a dramatic loss in germ-line complement, demonstrating that nop60B function is necessary for the maintenance of
germ line.
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population. We took three approaches to this question. First,
we generated young nop60BDL4 flies that were rescued by a
daily burst of Nop60B from the heat shock transgene, as
described in Fig. 2F and I. Recall that this HS regime
rescues germ-line cells, and since spermatogenesis is now
sustained, the rescue must include germ-line stem cells.
These rescued flies were split into two cohorts, one of which
was fixed soon after eclosion, while the other was aged
without further heat shock for 11–12 days and then fixed
and analyzed for their fusome complement. While virtually
all of the young adults showed a near wild-type complement
of fusomes (Figs. 4B and 5, “Young mut., HS Rescue” bar),
in the aged cohort, the fusome complement was substan-
tially diminished (Figs. 4C and 5, “Mut. HS-Rescue, Aged
w/o HS” bar). For instance, 91% of testes from young males
heat shocked until the day of dissection showed more than
10 branched fusomes per testis, and 58% showed more than
20 (Figs. 4B and 5, “Young mut., HS Rescue” bar). In
contrast, none of the testes from rescued males aged without
continued heat shocks contained more than 5 branched
fusomes, and 75% contained none (Fig. 5, “Mut. HS-Res-
cue, Aged w/o HS” bar). The various controls behaved as
expected. Control testes from all balanced sibs showed more
than 20 branched fusomes, even as late as at day 14 [Figs.
4D and 5, “Control (Heterozygote)” bar]. In addition, testes
from nop60BDL4 homozygotes lacking the HS:nop60B
transgene were severely deficient in branched fusomes, even
at day 2. We conclude from these experiments that contin-
ued Nop60B gene function is necessary for the maintenance
of the rescued stem cell lineage.
As a second test for whether the nop60B gene product is
required for the maintenance of the germ-line stem cell
population, we tested for the presence of early-stage germ
cells in larval testes. We reasoned that if some larval testes
had germ-line stem cells, whereas adult testes did not, then
germ-line stem cells could form in these mutants but were
not maintained well. To accomplish this, we used marker
line M5-4, which, as indicated earlier (Fig. 3C), marked
simultaneously the hub cells as well as a subset of germ-line
stem cells and their daughters, the gonialblasts. To estimate
the number of germ-line stem cells labeled by M5-4 in wild
type larval testes, we counted those labeled cells among the
first tier of germ cells adjacent to the hub. Some 50 cells
were observed flanking the hub in the 13 larval testes
scored, yielding an average of about 3 M5-4 labeled cells
per gonad. In testes from nop60BDL4 homozygous mutant
larvae, 8 germ-line stem cells were observed adjacent to the
hub in 13 larval testes scored, yielding an average of about
0.6 M5-4-labeled cells per gonad. Thus, germ-line stem
cells are present in the nop60BDL4 mutants, although their
numbers are reduced. Since there is a general lack of germ
cells by the young adult stage, the stem cells become de-
pleted with age in the mutant testes.
We next conducted mosaic analysis as a definitive test
for the role of nop60B in germ-line stem cell maintenance.
We induced clones of cells homozygous mutant for either of
two lethal nop60B alleles, nop60BDL6 or nop60BDL10, in
males otherwise heterozygous for nop60B (Materials and
methods). In this method, clones marked by absence of a
LacZ marker are induced in day 0 males, which are then
aged for 3 or 6 days to allow mutant stem cells time to
generate a family of marked progeny. This is sufficient time
to generate young spermatocyte cysts from the marked stem
cells. In addition, any clones induced in gonial cells, rather
than in the germ-line stem cell, will have cleared from the
proliferation region of the testis.
On day 3, control clones were identified in 9 of 13 testes,
and we were able to identify marked germ-line stem cells in
5 of these testes (Fig. 6A). In contrast, nop60BDL6 homozy-
gous mutant clones were only more rarely identified (2 of 9
testes), and marked germ-line stem cells were not observed
(Fig. 6B). An identical result was obtained by using the
nop60BDL10 allele (2 of 9 testes with any clones, none of
which were in germ-line stem cells). On day 6, control
clones were identified in 6 of 9 testes, and we were able to
identify marked germ-line stem cells in 4 of these. As
expected from the day 3 results, on day 6 also there were no
marked nop60BDL6 homozygous mutant germ-line stem
cells observed in 8 testes scored, 2 of which had marked
gonial cells. The reduced ability to recover marked nop60B
stem cell clones indicates an intrinsic requirement for gene
function in the germ-line stem cells. The occasional pres-
ence of marked gonial cells indicated that mutant stem cell
clones had been induced, but were lost between the time of
induction and analysis. In addition, the mutant gonial cysts
were aberrant morphologically and appeared to be dying
(Fig. 6, legend). We conclude from these 3 approaches that
Nop60B function is necessary intrinsically for the mainte-
nance of germ-line stem cells during spermatogenesis.
Discussion
We have identified a mutation causing male sterility due
to profound testicular atrophy. This mutation proved to be a
lesion in the nop60B gene, independently identified based
on its homology to yeast cbf5 and based on mutant alleles
that reduce body size (Giordano et al., 1999; Phillips et al.,
1998). We found that the testicular atrophy was due to an
almost complete lack of germ cells in adult flies. The so-
matic cyst cell population, however, was not significantly
reduced; a situation similar to that we previously observed
when germ cells are specifically ablated genetically in aga-
metic testes (Go¨nczy and DiNardo, 1996). By several cri-
teria, the germ-line stem cells, at least some of which are
initially specified, are prematurely lost, accounting for the
virtual loss of the germ-line lineage in adult testes. In
addition, the requirement for Nop60B is intrinsic to the
germ-line; removing nop60B activity leads to loss of germ-
line stem cells and death of gonial cells. This implicates the
Nop60B gene in the maintenance of the germ line during
spermatogenesis.
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In principle, it is possible that Nop60B plays a special
role in germ cells, or in germ-line stem cells, which would
explain the loss of this lineage in the hypomorphic mutants
investigated here. An explanation such as this would justify
screening for germ-line loss mutants on a large scale in
order to identify genes governing the behavior of stem cell
lineages. Alternatively, and in our view more likely in this
particular case, the hypomorphic nature of our nop60B
alleles may account for this apparent requirement solely in
a renewing lineage. For instance, there may be enough gene
product both from maternal stores and residual zygotic
expression to support larval life and metamorphosis, but not
enough to maintain the germ-line lineage in spermatogene-
sis. An explanation such as this makes one hesitate in trying
to identify interesting genes governing the behavior of stem
cell lineages from among mutants showing germ cell loss
phenotypes.
Indeed, nop60B encodes a protein likely involved cen-
trally in cellular metabolism. It contains homology to a class
of pseudouridine synthases, and, although this activity has
yet to be directly demonstrated, the Nop60B protein is
localized to the nucleolus, the site of rRNA processing, in
all cell populations (Phillips et al., 1998), and a previous
analysis of null mutant larvae strongly suggests defects in
rRNA processing and pseudouridinylation (Giordano et al.,
1999). It is not surprising then that strong mutations in this
gene are not stem cell- or germ-line-specific, but are rather
lethal to the organism at a very early stage. That our hypo-
morphic alleles have a dramatic effect on the germline is
likely due to the need to sustain proliferation in this adult
tissue, or more particularly, sustain high rates of protein
synthesis. This is a similar conclusion to that arrived at
previously in order to explain the small body size phenotype
of the “mini-fly” class of nop60B alleles (Giordano et al.,
1999). In contrast to that previous publication, however, our
hypomorphic alleles do not exhibit a mini-fly phenotype,
and, thus, do not appear to be generally compromising the
fly. This has afforded us the ability to investigate the re-
quirement for nop60B in tissue homeostasis and stem cell
function, a role which might relate to that affected in a
human disease (see below).
Within the testis, our data suggest that the requirement
for nop60B gene product may be highest in the germ-line
stem cells. The testes from most rescued hypomorphic
nop60B mutant flies initially have a functioning germline,
and the germ cells are lost if the flies are aged without
continued production of rescuing Nop60B activity. The fact
that a few germ-line stem cells are apparent in the third
larval instar gonad, but not in adults, also supports the
proposition that stem cells are initially specified but cannot
be maintained. Interestingly, we also found that the somatic
stem cells and their daughter cyst cells appear to be less
affected than the germ line under these hypomorphic con-
ditions. It is possible that the P insertion affects the expres-
sion of nop60B in the germ line more than in the somatic
lineage. However, our current understanding of the gene
structure of nop60B provides no easy explanation for this,
such as a testis-specific promoter (Giordano et al., 1999;
Phillips et al., 1998). Alternatively, the data suggest that
there is a higher requirement for Nop60B gene product for
the steady-state operation of the germ-line stem cells. Al-
though we show that removing nop60B function completely
from the germ-line stem cells leads to their loss, we could
not perform similar mosaic analysis on the somatic stem cell
population because the somatic markers are not as robust.
Nevertheless, we presume that if we removed nop60B func-
tion from this lineage completely, these cells, too, would die
prematurely. Thus, although nop60B function is essential in
both somatic and germ-line stem cell lineages, our data,
including those with the hypomorphic alleles, suggest that
there is a more stringent requirement for its function in
maintaining germ-line stem cells.
We should point out that, even though some stem cells
are specified in the nop60BDL4 mutant and nop60B is re-
quired cell autonomously for stem cell survival, our data do
not address the possibility that Nop60B is required addi-
tionally for the establishment germ-line stem cells. We
cannot address this for several reasons, including the fact
that we and others have not been able to rescue the lethality
of null alleles, the inherent “leakiness” of the heat shock
promoter, and the presence of maternal gene product at the
time when the germ line stem cell population is established.
The phenotype we observe in the germ line may have
implications for understanding one of the manifestations of
a human syndrome known as Dyskeratosis congenita, DKC.
Recently, the human gene responsible for this syndrome,
DKC1, was identified (Heiss et al., 1998). Strikingly, a yeast
protein, Cbf-5p, the fly protein Nop60B, and a rat protein
Nap57 all show a high degree of sequence similarity across
a 380-amino-acid stretch, that contain but extend further
than domains likely to encode psuedouridine synthase ac-
tivity. DKC 1 is a member of this same family and may
indeed be an orthologue. DKC1 maps to Xq28 and has been
implicated in DKC (X-linked) and Hoyeraal–Hreidarsson
syndrome (Heiss et al., 1998; Knight et al., 1999). Both of
these syndromes are characterized by defects in tissues
maintained by stem cell populations. DKC patients gener-
ally first become symptomatic by age 10, showing skin and
nail defects. Later, mucosal leukoplakia appears, followed
by a high incidence of bone marrow failure and malignancy
by the mid-teens (reviewed in Dokal, 1996). HH patients
represent stronger DKC1 alleles, showing intrauterine
growth retardation, aplastic anemia, and immunodeficiency
before death during the first decade of life (Knight et al.,
1999).
The similarity of the nop60B and DKC1 genes and of
their mutant phenotypes is intriguing. Like nop60B, DKC1
mutations yield a wide spectrum of phenotypes from the
profound, developmentally early, and quickly lethal HH
cases to apparently healthy DKC patients showing defects
in one or a few regenerating cell populations. The spread in
phenotypes (expressivity) may in part be due to strengths of
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the alleles. For instance, some HH patients have mutations
in the presumptive TruB psuedouridine synthase domain of
DKC1, which might explain the severity of the clinical
syndrome in these cases (Knight et al., 1999). In an analo-
gous way, null mutations of nop60B are early organism
lethals, while weaker mutations are viable, presenting with
adult defects (this work; Giordano et al., 1999).
In contrast to previous work, however, the fact that our
hypormorphic alleles do not generally compromise the fly
has allowed us to explore the affects of reduced nop60B
function in a stem cell lineage and for tissue homeostasis—
functions perhaps more relevant to patients with the human
(DKC) disease. Interestingly, about 5% of DKC male pa-
tients show sterility due to testicular atrophy. This is de-
scribed as “hypoplasia,” however, the histopathology has
not been reported in detail, and it would not be possible to
resolve the etiology of the testis disease in humans. Our
analysis of the spermatogenesis defects in flies bearing our
nop60B alleles suggests that the defect will lie in the sus-
tenance of the germ-line lineage. Our mosaic analysis shows
that this requirement can be within the germ-line stem cells
themselves. A clearer understanding of this nop60B pheno-
type holds the prospect of a better understanding not only of
the testicular atrophy in DKC patients but perhaps of defects
in other tissues maintained by stem cells, such as the bone
marrow.
Although the molecular and phenotypic similarities raise
the possibility of using the Drosophila phenotype to model
at least a part of the human syndrome, there are some
cautions. Currently, the fly mutants have all been insertions
(or nulls), whereas 14 of 17 DKC1 alleles are missense
mutations. In addition, we have tried to rescue the testis
phenotype caused by our nop60B alleles with Hs-DKC1
transgenes with no success. Furthermore, although both
Fig. 6. Germ-line stem cells require nop60B function for survival. Clones, induced on day 0, were scored on day 3 (or 6); upper panels (A, B) show Anti-LacZ
(green; clones marked by reduced lacZ expression); lower panels (A, B) show merge with Anti-FascIII (red) to mark hub, Anti-1B1 to mark fusome, and
Hoechst stain for DNA. Germ-line stem cells (GSC) are first tier of germ cells adjacent to hub cells. (A, A) Control clone: note strong reduction in LacZ
expression in marked GSC relative to its unmarked neighbor (arrows, outlines, A), visible adjacent to hub (arrowhead). Inset shows a marked gonial clone,
with a fusome (red, A). (B, B) nop60B clone: clones were recovered more rarely, and only in gonial cells (e.g., arrow). No marked germ-line stem cell clones
survived; note homogenous lacZ expression in cells adjacent to hub (arrowhead). The mutant gonial cells were aberrant morphologically; note absence of
fusome material (red, B). It is likely that these gonial cells are dying. In other specimens, the gonial cell DNA appeared coalesced, and the cysts rounded
up, hallmarks of apoptotic gonia. Scale bar, 15 m.
198 T. Kauffman et al. / Developmental Biology 253 (2003) 189–199
Nop60B and DKC1 localize to nucleoli, and are likely to
both associate with small nucleolar RNAs (snoRNA), there
are very recent reports that one of the associated RNAs for
DKC1 is human telomerase and that fibroblasts from DKC-
affected males have lower telomerase levels and shorter
telomeres (Mitchell et al., 1999; Vulliamy et al., 2001b).
Furthermore, an autosomal dominant form of Dyskeratosis
Congenita maps to the RNA component of human telom-
erase (Vulliamy et al., 2001a). Telomere biology is quite
distinct in flies and humans (Blackburn, 2001; Pardue et al.,
1996). Nevertheless, little is known about the specific cel-
lular activity of either the human or fly protein, so further
experiments in the fly are warranted. Thus, the isolation of
nop60B as a germ cell loss mutant appears to be another
case where screens have identified genes involved in fun-
damental cell biological processes.
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